Identification of spider mites based on morphological characteristics is difficult because the morphological differences are subtle and are usually specific to males, which are hard to find, and the adult stage. As an alternative method, we attempted to discriminate the 13 known Tetranychus species in Japan using only females, and esterase and phosphoglucomutase (PGM) zymograms. Using esterase zymograms we were able to discriminate females from five sympatric species (T. ludeni, T. kanzawai, T. piercei, T. pueraricola and T. urticae (red form)) living on kudzu vine, Pueraria lobata, although a sixth sympatric species, T. parakanzawai, was not distinguishable from the closely related T. kanzawai. However, using PGM zymograms, females of each of the 13 species could be identified by the presence of one or two unique alleles. Thus, PGM isozyme analysis is a useful and simple tool for discriminating all Japanese species of the genus Tetranychus.
INTRODUCTION
Species identification of spider mites has important implications for accurate control, population dynamics studies and resolving international trade barriers related to plant quarantine (Kitashima and Gotoh, 1997; Osakabe et al., 2002) . A number of methods have been used, including the morphological characteristics of adults (Ehara, 1999; Ehara and Ohashi, 2002) , ribosomal DNA (rDNA) polymorphisms (Navajas et al., 1997 (Navajas et al., , 2001 , and restriction fragment-length polymorphism following PCR (PCR-RFLP) (Gotoh et al., 1998; Osakabe et al., 2002) ; however each of these methods has some disadvantages. Species identification based on morphological characteristics is difficult because the differences are often subtle and because the collected individuals may not be of the sex or developmental stage that has the identifying morphological characteristics. DNA sequencing is expensive and labor intensive and, as a result, may not allow the comparison of a large number of individuals (Hance et al., 1998) .
Another method that avoids the above difficulties is to use enzymatic differences (zymograms or banding patterns of enzymes). Many studies have used zymograms of various enzymes, such as esterase, phosphoglucoisomerase (PGI) and malate dehydrogenase (MDH), to discriminate mite species (Gotoh and Ishikawa, 1992; Gotoh and Takayama, 1992; Enohara and Amano, 1996; Goka and Takafuji, 1997; Kitashima and Gotoh, 1997; Gotoh et al., 2007a) . Enzymatic differentiation can be difficult when intraspecific variation occurs in banding patterns (polymorphic alleles) and when common bands are observed among distinct species (Goka and Takafuji, 1997) ; however, if an enzyme can be found that has a diagnostic banding pattern, this method can be used to inexpensively treat hundreds of individuals in just a few hours.
In order to prepare for a separate study of the population dynamics of Tetranychus mites appearing on kudzu vine, Pueraria lobata (Willd.), we wished to develop a simple method for discriminating adult females collected in the field. Preliminary experiments showed that esterase and phosphoglu-comutase (PGM) zymograms could each be used to discriminate among four species of Tetranychus mites, and zymograms were coincident with morphological identification without exceptions: 75 T. kanzawai Kishida populations, 10 T. parakanzawai Ehara populations, 38 T. pueraricola Ehara and Gotoh populations (Gotoh et al., 2003) and 29 T. urticae Koch populations (red form; Gotoh et al., 2007b) . Here we describe studies to determine whether this method can discriminate females of different Tetranychus species collected in the field.
MATERIALS AND METHODS
Mites. Thirteen red-pigmented Tetranychus mite species were collected from various localities in Japan from 1993 to 2005 (Table 1) . They were individually reared on leaf discs of mulberry (Morus bombycis Koidz.) for T. ezoensis Ehara, solanaceous weed (Solanum nigrum L.) for T. takafujii Ehara and Ohashi, or common bean (Phaseolus vulgaris L.) for the other eleven species throughout the year at 25Ϯ1°C under a 16L : 8D photoperiod.
Electrophoresis and enzyme staining. Individual frozen females or males were homogenized in 10 ml of 32% (w/v) sucrose with 0.1% Triton X-100 and 0.002% bromophenol blue. Ten microliters aliquots of the homogenate were subjected to polyacrylamide vertical slab electrophoresis. The gels were 1 mm thick, 145 mm wide and 160 mm high, and contained Triton X-100 (concentration was 0.05% in the separating gels and 0.1% in the stacking gels). The concentration of acrylamide was 10% for esterase and 6.0% for PGM in separating gels and 2.5% for both enzymes in the stacking gels. Electrophoresis was carried out at a constant current of 20 mA/gel at 5°C for 10 h (for esterase) or 3 h (for PGM). To stain for esterase, gels were incubated for 30 min in 0.02% (w/v) solution of aand b-naphtyl acetates in 0.1 M phosphate buffer (pH 6.5) and then for 1 h at 35°C in 0.2% (w/v) Fast Blue BB salt. To stain for PGM, gels were placed in 0.1 M Tris-HCl buffer (pH 8.0) with 0.08% of disodium DL-malate, 0.02% nitro blue tetrazolium and 0.01% phenazine methosulphate for 40 min at 35°C. In esterase zymograms, one female T. pueraricola and one female T. ludeni Zacher were individually electrophoresed with the sampled mites as standards. For each of T. ludeni, T. piercei McGregor and T. urticae, females had one of two isoforms of PGM, which had different (non-overlapping) mobilities. In these species, isoforms with the faster and slower mobilities were referred to as F-and S-alleles, respectively. To separate females using PGM banding patterns, we used two pairs of mites as diagnostic markers: one pair consisted of one female T. ludeni carrying the S-allele and one female T. urticae (red form) carrying the F-allele, and the other pair consisted of one female T. parakanzawai and one female T. pueraricola. As S-allele homozygous females were prevalent in T. ludeni, whereas F-allele homozygous females were extremely dominant in T. urticae, we chose females carrying these alleles to differentiate field-collected females.
Banding patterns of esterase and PGM were ex-580 T. GOTOH et al. amined to differentiate females of six mite species that had been collected on kudzu vine, which were T. ludeni, T. kanzawai, T. parakanzawai, T. piercei, T. pueraricola, and T. urticae . The other seven species were only used to differentiate females of all 13 species using PGM banding patterns. In our preliminary test, we observed no difference in banding patterns between the mite samples kept on common bean leaves and those kept on kudzu vine leaves for more than two generation (data not shown); therefore, we used common bean leaves for rearing mites sampled from kudzu vine. Each allele was expressed in terms of the electrophoretic mobility of each band relative to that of the fastest band (1.000) of T. ludeni for esterase and to that of the tracking dye for PGM. Mobility was determined using 1,000 horizontal lines after entering gels into a computer, as shown in Fig. 2 . The center of the band was used to determine mobility. Crosses. Although T. kanzawai and T. parakanzawai are morphologically very similar, they are known to be reproductively incompatible (Gomi and Gotoh, 1996) . Individuals determined to be T. kanzawai by esterase zymograms and morphological analyses were crossed with either T. parakanzawai females or T. kanzawai males to separate T. parakanzawai from T. kanzawai, according to the procedure proposed by Gotoh et al. (1999) . If female progeny appeared from the cross between a T. parakanzawai female and a sampled-mite male, then the sampled mite was regarded as T. parakanzawai. Similarly, if female progeny appeared from a sampled-mite female and T. kanzawai male cross, then the sampled mite was regarded as T. kanzawai. As T. ludeni, T. piercei and T. urticae each had two PGM alleles (F-and S-alleles), we crossed Fallele individuals with S-allele individuals to clarify the genetic basis of PGM polymorphisms. Hybrid female teleiochrysales obtained from crosses between individuals of F-and S-alleles were introduced individually onto a leaf disc of bean without male adults. They were allowed to lay eggs for five days after starting oviposition. Male adults obtained from virgin F 1 hybrid females were preserved at Ϫ80°C to assess the segregation ratio of PGM alleles in the F 2 generation. As all three species are arrhenotokous (i.e., unfertilized haploid eggs develop into males, whereas fertilized diploid eggs give rise to females), virgin females produced only male progeny. The c 2 -test was used to compare the observed and expected ratios in the segregation of PGM genotypes (SPSS, 2002) . Sampling and treatments for electrophoresis and morphological study. Mites were collected from kudzu vine at two sites in Ibaraki Prefecture, Tsuchiura (36°03ЈN-140°12ЈE) and Tsukuba (36°05ЈN-140°04ЈE ). An area of 10 m by 10 m was set up at each site and divided into 100 (1 mϫ1 m) plots. One leaflet of kudzu vine leaf, which consisted of three leaflets, was sampled from each plot when kudzu vine leaves existed. Mites were collected from May to November in 1996 for esterase and from May to November in 1999 for PGM analyses. All female adults collected from kudzu vine leaflets (referred to below as sampled mites) were placed individually onto leaf discs (ca. 4 cm 2 ) of bean, and were allowed to lay eggs for three days. Adult females that had laid eggs for three days were stored individually at Ϫ80°C until electrophoresis to identify species using esterase or PGM. The eggs were then cultured to the adult stage (F 1 adults) at 25Ϯ1°C under a 16L : 8D photoperiod. F 1 females and males were prepared for the morphological study. If only a few F 1 males were produced, then F 1 females and males were mated and cultured to obtain individuals of the next (F 2 ) generation. F 2 adults were used for the morphological study.
RESULTS

Esterase
The esterase banding patterns of females of six species are shown in Fig. 1B . The bands and their mobilities are shown schematically in Fig. 1A , with the diagnostic bands shown in black. The banding patterns of five of the six species (all except T. parakanzawai) were species-specific (Fig. 1, Table  2 ). The banding patterns of T. pueraricola and T. kanzawai were very similar; however, the mobilities of four diagnostic bands in T. pueraricola (0.599-0.810) were slightly less than those in T. kanzawai (0.616-0.818). The esterase zymograms showed no intraspecific variation for the diagnostic bands.
Of 3,894 females sampled from kudzu vine, 132 (3.4%) females were not identified to species because some females never laid eggs, some produced no males or some (nϭ9) did not give usable bands on electrophoresis. Of the remaining 3,762 females, 838 were identified by both electrophoresis and morphology (Table 2 ). Esterase zymograms of spider mites were completely consistent with the morphological characteristics. We stopped investigating morphological characteristics of T. pueraricola after examining 500 individuals identified as T. pueraricola by esterase zymograms because morphological identification was laborious and resulted in no inconsistencies with the zymograms. Cross experiments were carried out to separate T. parakanzawai from T. kanzawai. Twenty-seven of 108 individuals assumed to be T. kanzawai were T. parakanzawai (Table 2) .
PGM
On the PGM zymograms, females of the 10 redpigmented species showed a single band while females of the other three species (T. ludeni, T. piercei and T. urticae (red form)) each showed two bands (S-and F-alleles) for a total of 16 bands (Fig. 2) . In this figure, the 16 bands are ordered from slowest to fastest to show that they are all different. Using PGM zymograms, T. parakanzawai could be clearly separated from T. kanzawai. Thus, we could distinguish the 13 red-pigmented species because these species did not share any bands with identical mobility.
PGM zymograms were completely consistent with the morphological characteristics of field samples (Table 2 ). In T. ludeni, S-allele homozygous females were extremely dominant, whereas in T. piercei and T. urticae, F-allele homozygous females were dominant and few S-allele homozygous females were detected by electrophoresis. Of 3,104 females collected from the field, 167 (5.4%) could not be identified to a species, because some females never laid eggs, some produced no males or some (nϭ29) failed on electrophoresis. Of the remaining 2,937 females, 1,175 were identified by both electrophoresis and morphology (Table 2) . PGM zymograms of spider mites were completely consistent with the morphological characteristics. We stopped investigating morphological characteristics of T. pueraricola after examining 500 individuals identified as T. pueraricola by PGM zymograms, as mentioned above.
Genetic basis of PGM polymorphism
PGM zymograms of females in T. ludeni (Fig.  3A) , T. piercei (Fig. 3B) and T. urticae (Fig. 3C) showed the following three banding patterns: single bands with fast (F) mobility or slow (S) mobility, and two bands with fast and slow mobility (F and S). These patterns indicated that the PGM was a monomeric enzyme locus regulated by two codominant alleles (allozymes). The single band and the two bands were presumed to be homozygous (F/F or S/S) and heterozygous (F/S) phenotypes, respectively.
To clarify the inheritance patterns of PGM in these three species, segregation ratios of haplotypes of PGM in haploid males were examined by electrophoresis. Virgin F 1 hybrid females from crosses between individuals with F-and S-alleles in three species produced F-band males and S-band males with a 1 : 1 ratio (c 2 -test, pϾ0.05; Table 3 ) following the Mendelian expectation.
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T. GOTOH et al. Fig. 1 . Diagrammatic (A) and polyacrylamide (B) zymograms of esterase in adult females of six species of the genus Tetranychus. Open diagrams denote all observed bands and closed diagrams denote the species-specific diagnostic bands. Each allele was expressed in terms of the electrophoretic mobility of each band relative to that of the fastest band (1.000) of T. ludeni. T. pueraricola and T. ludeni were used as diagnostic markers for separating females.
DISCUSSION
In Japan, several red-pigmented species of the genus Tetranychus occur on a given host plant at the same time, and closely related mite species are extremely difficult to distinguish by morphological characteristics. The enzymatic methods used in this study provide a rapid diagnostic procedure, which is simple and interpretable, as shown for the banding patterns of PGI and MDH Takafuji, 1997, 1998) . Enohara and Amano (1996) showed that esterase zymograms were useful for identify-583 Mite Identification Using Enzymes d We stopped investigating T. pueraricola after examining 500 individuals identified as T. pueraricola by esterase and PGM zymograms because morphological identification was laborious and resulted in no inconsistencies with the zymograms. Morphological characteristics were examined mainly using individuals of F 1 generations, and using those of F 2 generation when a few F 1 males appeared. Fig. 2 . PGM zymograms of adult females of 13 Japanese species of the genus Tetranychus. "S" and "F" indicate the S-and Fallele, respectively. Each genotype is listed next to each phenotype. Each allele is expressed in terms of the electrophoretic mobility of each band relative to that of the tracking dye (bromophenol blue). Horizontal lines are level markers. Two pairs of mites were used as diagnostic markers for separating females: one pair consisted of one female T. ludeni (S-allele) and one female T. urticae (F-allele) and the other pair consisted of one female T. parakanzawai and one female T. pueraricola.
ing Tetranychus species, and this study showed that esterase banding patterns were useful for differentiating females of Tetranychus species. However, the present results can not be directly compared with those of Enohara and Amano (1996) because our electrophoresis time (10 h) was much longer than theirs (1.5 h), which resulted in completely different banding patterns. We increased the electrophoresis time because we could not obtain consistent results when electrophoresis time was 1.5 h. Esterase zymograms did not allow us to discriminate T. parakanzawai from T. kanzawai. In contrast, PGM zymograms were superior to esterase zymograms for separating six mite species occurring on kudzu vine, because PGM had species-specific and very simple alleles even for species having polymorphic bands, and because electrophoresis took only 3 h, which is comparable to the time required for PCR-RFLP analyses.
Our results indicate that PGM zymograms can distinguish females from all 13 Tetranychus species known in Japan, even though there were few differences of adjacent band mobilities. Although many studies have attempted to clearly distinguish species using enzymatic and biochemical methods, this is the first report to show that it is possible to distinguish all species of the genus Tetranychus in Japan. The analysis of restriction fragment-length polymorphism following PCR (PCR-RFLP) is a method of detecting DNA polymorphisms and is useful for discriminating some mite species (Navajas et al., 1997; Gotoh et al., 1998; Navajas and Fenton, 2000; Osakabe et al., 2002) . Nevertheless, PCR methods were not able to successfully discriminate all species of the genus. Molecular methods are also relatively expensive and complicated when compared with enzyme electrophoresis. PCR methods are therefore unsuitable for population dynamics studies, for which it is necessary to deal with thousands of individuals during a short period.
In conclusion, this study has demonstrated the benefits of enzymatic methods for species identification of spider mites using only adult females instead of morphological identification using both adult males and females. The procedure, especially when it is based on PGM, is rapid and reliable, and offers the opportunity to adopt samples from other host plants as well as from any other life stages. 
